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1. ABSTRACT exhibit great plasticity in culture, as they can differentiate
into cells with ectodermal and endodermal characteristics,

Mesenchymal stem cells (MSCs) are adult stem suggesting their use as a source of cells to treat different

cells able to give rise to mature mesenchymal cell types. diseases. More recently, cultured MSCs were found to
Plastic-adherent cells are operationally defined as MSCs secrete various bioactive molecules that display anti-
based on their ability to proliferate and differentiate into apoptotic, immunomodulatory, angiogenic, anti-scarring,
cells such as osteoblasts, adipocytes and chondrocytes. In and chemoattractant properties, providing a basis for their
the past ten years, cultured MSCs have been shown to use as tools to create local regenerative environments in
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Table 1. Phenotypic markers of mesenchymal stem cells.
Molecules present (positive) or absent (negative) on MSCs
Posititive Negative
3GS antibody-defined ganglioside vWF
Calponin CD4
Desmin CDlla
Nestin CD11b
NG-2 proteoglycan, HMW-MAA CD14
Sca-1 (mouse only) CDI15
Stro-1 CD18
Vimentin CD25
a-SMA CD31
CD9 CD34'
CDI10 CD45
CDI3 CD49d’
CD29 CD50
CD44 CD62E
CD49a CD62P
CD49b CD117*
CD49¢c CDI133
CD49%¢ CD144
CD51
CD54
CD58
CD61
CD62L
CD71
CD73
CD90
CD102
CD104
CDI105
CD106
CD109
CDwl119
CDI120a
CD120b
CDI12la
CDI123
CD124
CDI126
CD127
CD140a
CD140b
CD146
CD164
CD172a

'Some results show presence in adipose-derived
mesenchymal stem cells,” Positive in some animal species

vivo. Whereas the properties of cultured MSCs have been
studied for a long time, their exact location in vivo is slowly
becoming apparent as evidence indicates that pericytes
behave as stem cells throughout the organism. In this
review, we discuss some aspects of MSC basic biology, the
methodology involved in MSC culture, and some clinical
and pre-clinical applications of cultured MSCs.

2. INTRODUCTION

A mesenchymal stem cell (MSC) may be defined
as a type of adult stem cell (ASC) with an intrinsic
potential to give rise to different mesenchymal cell types
such as osteoblasts, chondrocytes, adipocytes, tenocytes,
and others. This definition of MSC can be found in nearly
every article focusing on this ASC since the introduction of
its concept by Dr. A. I. Caplan in 1991 (1). Historically,
research involving the cells currently referred to as MSCs
dates back to the 60s and 70s, when Dr. Alexander J.
Friedenstein and colleagues started researching fibroblastic
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cells from bone marrow (BM) of rodents and rabbits
(reviewed in (2)). At first, these cells were not called
MSCs, not even were termed stem cells, but were
considered to be fibroblastic precursors derived from an
entity with unknown anatomical location in BM termed the
colony-forming unit-fibroblast (CFU-F). Experiments
involving transplantation of BM cells into ectopic sites
including the renal capsule resulted in ectopic bone
formation, and brought up the notion that BM houses
osteogenic precursors (reviewed in (2)). Later, the
fibroblastic colonies derived from BM cells were found to
be able to differentiate into cells with characteristics of
osteoblasts, chondrocytes, and adipocytes (reviewed in (2)).
By that time, Dr. T. M. Dexter and colleagues developed a
cultured system to study hematopoiesis in vitro (3). In this
system, cells bearing hematopoietic stem cell (HSC)
characteristics were found to be non-adherent to the culture
vessels, and to be dependent on the establishment of a layer
of adherent cells that were viewed as representative of the
BM stromal environment. The notion that CFU-F was
derived from the stromal compartment of BM became
established, and the term bone marrow stromal cell used in
reference to these culture-adherent BM cells (4).

The term MSC was devised by analogy with the
model proposed for hematopoiesis, where a stem cell gives
rise to progenitor cells from different lineages that will
ultimately differentiate into the different hematopoietic cell
types (1). While many adhered to the MSC nomenclature,
others preferred to continue using the term marrow stromal
cell, defined by the same acronym (5). The term marrow
stromal cell, in essence, encompasses any cell belonging to
the BM stroma, e.g., fibroblasts, adipocytes, and even
macrophages (called histiocytes in BM). The term,
however, became used in reference to adherent BM cells
able to proliferate in vitro, and to differentiate into
osteoblasts, chondrocytes, and adipocytes under
appropriate culture conditions. On the other hand, the term
MSC refers exactly to this specific BM cell population.

As shown above, MSCs are mainly defined by
means of in vitro assays. Although MSCs can be further
characterized by their ability to form bone (and cartilage, to
a lesser extent) when inserted into porous ceramic vehicles
and subcutaneously implanted into mice (6), the implanted
cells are derived from cultures. /n vitro manipulation provides
a means for the obtainment of MSCs; therefore, different
culture techniques have been developed for this purpose. The
consequence of applying different methodologies to isolate and
culture cells bearing MSC characteristics is that different cell
populations may be selected by the culture conditions. Also,
phenotypic differences between cell populations maintained
under different conditions may simply reflect differences in
their response to different environments. To date, MSC-related
stem cells include MAPCs, MIAMI cells, and rapidly self-
renewing (RS) cells (7). Since no study thus far has analyzed
each of these different cell types when cultured under the
conditions described for the others, it is not possible to
precisely say if they constitute intrinsically different entities,
or if they can be arranged in a hierarchy. Consequently,
these MSC-related cell types cannot be considered
equivalent.
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3. CONDITIONS EMPLOYED FOR MSC
ISOLATION, CULTURE EXPANSION, AND
DIFFERENTIATION

Currently, the culture of MSCs from human BM
most invariably starts with the centrifugation of BM
aspirates on a density gradient formed by Ficoll-Paque or
Percoll to separate the nucleated cells from the red blood
cells (8, 9). In rodents, BM is obtained by flushing the BM
out of the long bones, and the tissue obtained is usually
disaggregated by flushing it in and out a syringe with
needle (10, 11). MSCs obtained from solid tissues can be
obtained by digestion using collagenase type I with or
without the use of other proteolytic enzymes (12-14). The
dissociated tissue may be subjected to additional
purification steps such as filtering though nylon meshes or
sedimentation for the obtainment of a single cell
suspension. The cells are then counted and placed in plastic
culture vessels with culture-treated surfaces in culture
medium. Positive selection (e.g., of CD49a" cells (15)), or
depletion of cells positive for hematopoietic markers such
as CD45 and CDI11b (16) can be performed for BM- or
solid-tissue-derived cells prior to plating. However, MSCs
are mainly selected based on their adherence to plastic and
proliferation. This is due to the absence of specific cell
markers for MSCs through the past years. To date, some
molecules are becoming established as reliable MSC
markers, at least in some specific contexts (reviewed in

amn).

The most commonly employed media for MSC
culture are low-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) and the alpha modification of Eagle’s
Minimum Essential Medium (o-MEM), and proprietary
formulations can be also found. Fetal bovine serum (FBS)
is the most used supplement, usually added at a final
concentration of 10% (v/v). Other MSC-related cell
populations may require elaborate culture conditions in
addition to a competent medium composition. Marrow-
isolated adult multilineage inducible (MIAMI) cells, for
example, are initially cultured in DMEM containing 5%
FBS, and FBS concentration is later reduced to 2% (18).
MSCs are most of the times cultured in humidified
incubators containing a mixture of 95% environmental air
and 5% CO,. These conditions represent non-physiological
O, concentrations (20%). MIAMI cells, on the other hand,
are cultured in hypoxic conditions (3% O,).

Cells in primary culture proliferate and
eventually occupy the whole culture area, i.e., become
confluent. At this point, or a little before confluence, the
adherent cells are treated with trypsin, and inoculated in
new culture vessels at densities high enough to allow for
cell survival, and low enough to maximize cell yield at
each passage. Human MSC expansion in culture is highly
variable (9). A study on MSC expandability found MSCs
could reach 38+4 population doublings in culture (19).
Murine MSCs, in contrast, have been shown to be able to
proliferate beyond 100 population doublings (12). Some
works have focused on the conditions maximizing human
MSC production in culture (20, 21). However, data
indicating that prolonged expansion in culture may lead to
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genetic alterations add a word of caution for the use of
long-term expanded MSCs in clinical trials (22).

Human MSCs can be characterized as early as at
the end of the second passage, as most other cell types are
lost due to passaging. Murine MSC populations from BM,
on the other hand, take longer to become nearly devoid of
hematopoietic cells (11). MSC characterization consists of
the analysis of their proliferation, differentiation, and
surface molecule profile. Osteogenic differentiation is
usually induced by culture in medium containing
dexamethasone, [-glycerophosphate, and ascorbic acid
(23). Adipogenic differentiation can be performed by
adding dexamethasone and insulin to the culture medium
(4, 11), which may or may not have high glucose content
and additional adipogenic inducers such as indomethacin
and isobuthylmethylxantine (12, 24). Chondrogenesis can
be assayed in a fully chemically defined medium
containing transforming growth factor-f3, ascorbic acid, and
B-glycerolphosphate (25). The surface molecules expressed
by cultured MSCs, reviewed in detail elsewhere (7), are
summarized in Table 1. To date, the consensus is that
MSC:s are positive for CD29, CD44, and CD90 and do not
express the hematopoietic markers CD45 and CD34,
although some studies contradict this view (15, 26, 27).
When murine MSCs derived from diverse organs were
analyzed by flow cytometry after some passages in culture,
CD34 was found to be expressed in some of the cell
populations; in one of the populations studied, CD34 was
detectable at an early passage, and its expression decreased
to control levels after long-term culture (12). In some cases,
CD45 levels seemed to be slightly higher then controls;
however, these results were not consistent enough to define
the cells as positive for CD45 expression (L. da Silva
Meirelles, unpublished observations). According to the
Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy, minimal criteria
to define human MSCs include the expression of CD105,
CD73 and CD90, lack of expression of CD45, CD34, CD14
or CDI11b, CD79a or CD19 and HLA-DR surface
molecules in addition to the ability to proliferate as plastic-
adherent cells in standard culture conditions, and to
differentiate into osteoblasts, adipocytes and chondroblasts
in vitro (28).

4. MSCs FOUND
ORGANS/TISSUES

IN SEVERAL DIFFERENT

Cells bearing MSC characteristics have been
derived from different locations of the body including BM,
adipose tissue, tendon, skin, bone, muscle, brain, liver,
kidneys, lungs, spleen, pancreas, thymus, synovial
membrane, and umbilical cord (12, 29-36). We have
established MSC cultures from several organs of mice, and
found no evidence that MSCs are present in circulating
blood under physiological conditions (12). In the same
study, the MSC populations derived from the different
organs exhibited many characteristics in common, in spite
of some differences regarding differentiation potential. The
successful derivation of MSC cultures from decapsulated
glomeruli was regarded as evidence that cultured MSCs are
derived from pericytes in vivo, as previously suggested (37-
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Figure 1. Plasticity of mesenchymal stem cells. /n vitro and in vivo studies have shown that MSCs differentiate into many
mesodermal cell types. Other studies have described the potential of MSCs to differentiate into ectodermal and endodermal
lineages, but these results have been questioned and may represent experimental artifacts.

39). This evidence in addition to data concerning the
behavior of pericytes during tissue repair obtained from the
literature (40, 41) and reports showing the broad
differentiation capabilities of MSCs, especially when in
contact with mature cell types (16, 32, 42-45), provided a
basis for the proposition of a model in which pericytes are
stem cells throughout the vasculature, contributing for the
replenishment of lost cells under physiological conditions,
and possibly assuming a more active role during tissue

injury (12).

5. MSC DIFFERENTIATION POTENTIAL
PLASTICITY

AND

As shown above, differentiation of MSCs into
mesenchymal cell types is expected and confirmed.
However, from 1999 on, a number of studies found that
MSCs can give rise to non-mesenchymal cell types such as
glial cells (16), neurons (45, 46), hepatocytes (43, 47), and
even insulin-producing cells (42, 48). In addition, MSC-
related cells termed MAPCs were shown to be able to give
rise to all types of cells when injected in murine blastocists
(49). However, some of these results were later challenged:
the results found by Kopen et al. (16) could be attributed to
the transfer of the label to the surrounding cells (50); the
reproducibility of obtainment of MAPCs was questioned
(51); cell fusion was described as a possible cause for the
observed differentiation of BM cells infused in vivo (52).
Mature mesenchymal cells were shown to dedifferentiate
when cultured, and to bear many of the characteristics,
including differentiation potential, attributed to MSCs (53).
Further, circulating monocytic cells were shown to
differentiate  along  osteogenic, chondrogenic and
adipogenic pathways in vitro (54). In view of these facts,
the apparent plasticity of MSCs (Figure 1) is questionable,
as it could be an artifact introduced by cell culture.
Likewise, the differentiation of circulating monocytes into
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multiple cell types in vitro could be a consequence of in
vitro manipulation. In considering cell fusion, however,
there is at least one study demonstrating MSC
differentiation into hepatocytes in vivo where no evidence
of cell fusion was found (44). Furthermore, the low
frequency of fused cells found by Alvarez-Dolado et al
(52) raises doubts about the biological significance of cell
fusion in experiments involving cell transplantation.

Apart from the problems exposed above, which
are mainly theoretical, differentiation of MSCs into non-
mesenchymal cell types is a useful characteristic for
therapies. Neuronal differentiation of MSCs, for example,
could provide cells to replace neurons lost due to
neurodegenerative diseases. Neuronal differentiation of
MSCs in vitro has been suggested to be transient (55);
however, other studies have shown that neurons
differentiated from MSCs exhibit functional neuronal
properties (56), including negative action potential (- 60
mV) observable for at least one week in culture (57). This
suggests that transplanted MSC-derived neurons may
become electrophysiologically integrated with the host
neural tissue, as suggested by the results of experiments
employing a rat model of Parkinson’s disease (58).

6. MSC IDENTITY TRACED TO PERICYTES IN
Vivo

In view of the confusion regarding the identity of
the MSC in vivo and the apparent MSC plasticity observed
in vitro, we have recently analyzed the evidence supporting
the hypothesis that pericytes behave as stem cells in vivo
(59). As a result, we found data indicating that perivascular
cells behave as stem cells in bone (40), cartilage (60),
adipose tissue (41), testis (61), periodontal ligament (62),
endometrium (63), and brain (64). However, the behavior
of pericytes as stem cells in the testis and brain does not
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reflect that expected for a mesenchymal stem cell. This
leads to a broader perspective, where perivascular stem
cells are distributed throughout adult tissues, and these can
be viewed as MSCs in mesenchymal tissues. This view
does not necessarily imply that perivascular stem cells from
different tissues are equivalent, in spite of their similarities.

7. MSCs AS TROPHIC MEDIATORS

In addition to their differentiation potential,
which can be used as the basis for tissue engineering and
other therapeutic purposes, MSCs have recently been
proposed to exert trophic effects that are also of therapeutic
interest (65). Some studies have found that the beneficial
effects of MSCs applied to experimental models of injury
are due to secretion of bioactive factors rather than to
differentiation (66-69). Indeed, MSC’s trophic activities
provide a basis for the generation of local regenerative
environments, in contrast with their use as a source of cells
for tissue engineering (70).

Since activated endothelium in injured sites
express CD106 and CDG62E, it is possible to devise
therapeutic strategies where cultured MSCs are retained in
injured sites by binding to these molecules via
CD29/CD49d integrin and CD44, respectively (reviewed in
(59)). There, the secretion of bioactive factors by MSCs
may accelerate healing and minimize tissue death.

8. IMMUNOREGULATORY
MESENCHYMAL STEM CELLS

FUNCTION OF

Evidence demonstrating that MSCs have unique
immunomodulatory properties and are capable of exerting a
powerful immunosuppressive effect on the immune system
(71, 72) has accumulated in recent years. MSCs seem to
affect all cells of the immune system, inducing an arrest of
cell division in the GO/G1 phase of the cell cycle,
associated with inhibition of cyclin D2 expression (73).
This effect is well controlled, and although MSCs mainly
suppress immune responses, they may also activate the
immune system, depending on the stimulus to which they
are exposed (reviewed in (74)).

The immunosuppressive effect exerted by MSCs
on T cells is seen in in vitro experiments in which they
inhibit the activation of mature T cells by alloantigens or
non-specific mitogens in a dose-dependent, non-HLA-
restricted, manner (73). In vivo studies show that MSCs
suppress the response of naive and memory antigen-
specific T cells in mice (75), prolong skin engraftment in
nonhuman primates (76), and reduce (77) or cure (78)
graft-versus-host disease (GVHD) after allogeneic
transplantation in humans. Furthermore, in vitro
experiments suggest that MSCs can induce the generation
of regulatory T cells, a key element on the regulation of the
immune response (79).

As already mentioned above, MSCs affect all cells
of the immune system. B lymphocytes are also inhibited by
MSCs, after T-cell-dependent or T-cell-independent
stimulation; similarly, human MSCs have been shown to

4285

inhibit IL-2- or IL-15-driven NK proliferation (reviewed in
(80)). MSCs also have an inhibitory effect on the
differentiation and function of dendritic cells (81). This
effect could be related to their capacity to produce anti-
inflammatory cytokines, which inhibit the in vitro
activation and maturation of dendritic cells (82).

The mechanisms responsible for these effects are
not fully elucidated yet, but they do not appear to involve
the induction of apoptosis of proliferating cells (75, 83),
and are mediated by both direct cell-to-cell interactions and
soluble factors. The main factors involved in the process
include transforming growth factor-B1  (TGF-B1),
hepatocyte growth factor (73), prostaglandin E2 (84),
indoleamine dioxygenase (IDO)-mediated tryptophan
metabolites (85), and nitric oxide (86).

MSCs express MHC class I determinants. MHC
class I molecules, constitutively expressed in MSC subsets
(87), are present intracellularly and can be expressed at the
surface after exposure to low levels (10 U/ml) of
interferon-y (IFN-y) (88). High levels (100 U/ml) of IFN-y,
on the other hand, result in downregulation of MHC class II
(89), so that MSCs may function as antigen-presenting cells
(APC) during a narrow window of time before IFN levels
are increased during the development of the immune
response. The role of IFN-y in increasing MHC II
expression in murine MSCs was shown to be enhanced by
high cell density or serum deprivation, suppressed by TGF-
B, and regulated by the activity of the type IV MHC class II
transactivator (CIITA) promoter independently of STATI
activation (90). Furthermore, the bimodal response of
MHC-II expression by MSCs in response to IFN-y was
shown to be dependent at least in part on cytoplasmic
retention of CIITA (91). The expression of MHC class 11
molecules on MSCs has also been shown to depend on the
concomitant presence of any of three other
proinflammatory cytokines, TNF-a, IL-1a, or IL-1B (92).
These cytokines lead to the expression of high levels of
inducible nitric oxide synthase (iNOS) by MSCs, resulting
in suppression of T cell responsiveness. An understanding
of the control of MHC class II expression could provide
insights on BM homeostasis, with implications for
protection against infection and exacerbated inflammatory
responses, as well as MSC dysfunction in hematological
disorders.

The powerful immunoregulatory capacity of
MSCs plus their widespread distribution in the organism
suggests their possible role in the maintenance of immune
homeostasis (59). Thus, MSCs are proposed to have an
active role in the prevention of self-responses in both
physiological and pathological conditions.

9. PERIVASCULAR
REGENERATION

STEM CELLS AND TISSUE

Based on the evidence supporting the fact that
cultured MSCs derive from perivascular stem cells in vivo,
and on the trophic and immunomodulatory properties of
these cells, we have further proposed a model for the action
of pericytes/MSCs during tissue repair (59). In this model,
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Table 2. Clinical trials involving MSCs as of April 2008

Condition Number of entries
Graft-versus-host disease 12
Skeletal repair 7
Heart diseases 6
Chron’s Disease 4
Liver repair 3
Multiple Sclerosis 1
1

Co-transplantation with pancreatic islets
Not applicable 3

Clinical Trials database (www.clinicaltrials.gov) was
queried using the term “mesenchymal stem cell” (quotation
marks included). Please note that this analysis does not
include data from clinical trials where bone marrow
mononuclear cells, an MSC-containing cell population,
were employed.

tissue injury leads to local cell death, with consequent
activation of endothelial cells. PericytessMSCs loose
contact with endothelial cells and the basement membrane,
and proliferate (become activated). The increased number
of pericytes/MSCs secreting a large number of molecules
with  trophic, immunomodulatory, angiogenic and
chemoattractive effects leads to increased survival of local
cells, including tissue-intrinsic progenitors, and to
modulation of the immune response. At the end of this
process, some pericytes/MSCs may undergo apoptosis or
differentiate into tissue-specific cells.

10. CLINICAL AND
APPLICATIONS OF MSCS

PRE-CLINICAL

The differentiation capabilities of cultured MSCs,
as well as their trophic, immunomodulatory and homing
properties, make them potential tools for the treatment of
different types of conditions. Importantly, these different
properties allow for the design of different types of
therapeutic approaches. For example, biological structures
aiming at mimicking tissues such as bone, cartilage or fat
can be developed by combining MSCs with appropriate
scaffolds and signaling molecules in order to induce MSC
differentiation. A different strategy could consist in
delivering MSCs to injured sites where they would act as
therapeutic agents through the secretion of anti-apoptotic,
angiogenic and immunomodulatory molecules. In another
scenario, MSCs can be genetically modified to correct
genetic defects, or to forcedly express specific molecules,
such as anti-tumoral or anti-apoptotic cytokines.

A search at ClinicalTrials.gov performed at the
time this review was written returned 37 results (Table 2).
Three entries did not represent clinical trials involving the
direct application of MSCs; these were not included in the
analysis, and were classified under “Not applicable”.
Twenty-one of the trials found are/were sponsored by
academic institutions, whereas eight are sponsored by
industry, and five of them sponsored by academic
institutions in partnership with the industry. Most of the
entries retrieved represent approaches relying on the
paracrine effects of MSCs rather than on their
differentiation capabilities, although MSC differentiation
properties still show importance, especially in skeletal
repair. Considering this trend, we discuss below some
aspects of selected conditions, with especial emphasis on
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those where MSCs are expected to exert therapeutic effects
through the secretion of bioactive factors. Reviews
detailing the use of MSCs as components for tissue
engineering can be found elsewhere (7, 93, 94).

10.1. Myocardial infarction

The first work on the use of BM cells to treat
myocardial infarction come from a study where Lin'c-kit"
cells were shown to differentiate into cardiomyocytes in a
murine model of myocardial infarction (95). The results of
this work were later challenged by other studies that found
that Linc-kit” cells actually give rise to mature
hematopoietic cells when injected in the surroundings of
infarcted areas (96, 97). It is likely that the problems with
the reproducibility of these results are a consequence of the
use of surface markers to isolate the cell population used,
since the specificity of marker molecules is highly context-
sensitive. In mice, for example, hematopoietic stem cells
can be found in a variety of cell populations sorted based
on the expression of surface molecules; however, different
sets of surface markers do not define the entire
hematopoietic stem cell population (98).

The cell populations employed in the studies
above were not subjected to the regular in vitro tests that
define MSCs and, thus, the consequent results do not
constitute evidence that MSCs regenerate the injured
myocardium. However, MSCs have been shown to
differentiate into cardiomyocytes in vitro (99, 100), and
other studies have shown that MSCs do improve cardiac
function when injected shortly after infarction (101-103).
By the time these studies were conducted, MSCs were
thought to contribute to cardiac function by means of
differentiation into cardiomyocytes. This paradigm later
evolved, incorporating the notion that the soluble factors
secreted by MSCs exert trophic effects at sites of injury.
Dai et al. (104) found that the therapeutic effects of the
injected MSCs were evident before cells expressing
cardiac-specific markers could be detected, and that such
effects actually declined by the time cardiomyocyte-like
cells derived from the injected MSCs were observed,
indicating that paracrine factors locally secreted by MSCs
are responsible for the cardiac improvement observed. This
view is supported by data from experiments in which
serum-free medium conditioned by genetically modified
MSCs under hypoxic conditions was shown to improve
cardiac performance after infarction (105). Considering
these facts, it seems that long-term engraftment of MSCs is
not the key factor when aiming at treating acute myocardial
infarction.

10.2. Fibrosis

One of the mechanisms underlying the beneficial
effects of MSCs on myocardial infarction is the release of
anti-scarring factors (106, 107); for this reason, myocardial
repair is maximized if cell administration takes place
shortly after infarction, before the establishment of a
fibrous scar (108). This anti-fibrotic effect of MSCs has
been previously described for other organs such as lung
(109) and liver (110). In these cases, MSCs could prevent
scarring if administered in a short time after experimental
injury, but were ineffective if delivered after the
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development of fibrosis. Recently, a pro-fibrotic behavior
was proposed for MSCs infused in an experimental model
of liver fibrosis (111); however, in that study, the animals
received radiation in addition to the chemical used to
induce the fibrotic lesions. Consequently, these results are
not readily comparable to others in the literature. A recent
phase I clinical trial of decompensated liver cirrhosis has
found that the infusion of culture-expanded autologous
MSCs is safe (112). Cirrhosis is characterized by the
presence of strong inflammation; for this reason,
administering MSCs may be beneficial to the patient even
if the infused cells contribute, to a little extent, to fibrosis
as the benefit of their immunomodulatory properties may
overcome this drawback. Actually, the anti-scarring effects
of MSCs may be a consequence of their
immunomodulatory effects, as fibrosis is consequent to
inflammation (113).

10.3. Immunological diseases

The bimodal aspect of the immune functions
exerted by MSCs, which are able to exert both
immunosuppressive and  immunostimulatory  effects
depending on the type and magnitude of the immune
challenge, makes these cells extremely important for the
treatment of different types of disorders involving the
immune system. Preclinical and clinical studies
investigating the effects of MSCs in tissue and organ
transplantation as well as for the treatment of autoimmune
diseases are helping to define the optimal conditions for
their use (reviewed in (71, 114)).

GVHD is a condition in which immune system
cells present in allogeneic donor BM recognize the
recipient’s cells as foreign, and attack them. This represents
a nearly normal, but extremely exacerbated, immune
response, which, as such, involves the different components
of immune system (115). In 2004, a paper reporting the
successful treatment of a patient affected by graft-versus-
host disease (GVHD) using third-party MSCs (78) attracted
the attention of researchers worldwide as it represented a
proof of the concept that the immunosuppressive effects of
MSCs previously observed in vitro (as discussed earlier in
this paper) can be applied to a clinical setting.

Again, it is important to emphasize that
immunosuppression is but one of the immunomodulatory
effects of MSCs, and that immunomodulation provided by
these cells is dynamic rather than static. In other words, the
manner how MSCs influence the immune response is
context-sensitive. The upregulation of the expression of
anti-inflammatory molecules by cultured MSCs upon
stimulation with pro-inflammatory cytokines (116, 117)
exemplify this concept. In addition, dendritic cells
generated in presence of high concentrations of MSCs
show suppressive effects on T lymphocytes, whereas those
generated in presence of low MSC concentrations actually
stimulate T cell activation (88).

The expectation that the administration of
cultured MSCs will be a valuable therapeutic approach to
treat immunological diseases is reflected in the number of
clinical trials testing the effects of these cells on different
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forms of GVHD and also other immunological disorders
such as Chron’s Disease and Multiple Sclerosis (Table 2).
Conversely, data from experiments in which B-
lymphocytes from Lupus Erythematosus patients were co-
cultured with MSCs indicate that MSCs might actually
worsen the symptoms by promoting B cell proliferation and
differentiation into antibody-secreting plasma cells (118).
These findings are in contrast with those obtained by co-
culturing MSCs and B cells from healthy human donors
(119), and with data from a murine model that mimics
some aspects of Lupus Erythematosus (120). Given that the
different cell types present in the in vivo context influence
the immunomodulatory effects of MSCs, infusing MSCs in
animal models of Lupus Erythematosus is a necessary step
to evaluate the safety and efficiency of MSC administration
for the treatment of this disease.

10.4. Stroke

Results from pre-clinical studies indicate that
cultured BM-derived MSCs exhibit the potential to
efficiently ameliorate the consequences of ischemic lesions
in the brain when infused intravenously (121). There is
evidence that this therapeutic effect is mediated by
neuroprotective factors released by the infused cells (122),
and that it is augmented when MSCs are genetically
modified to forcedly express neurotrophic factors (123).
The factors secreted by MSCs have been shown to reduce
apoptosis in the injured site, stimulate the proliferation of
endogenous progenitors in the infarcted area (124), and
favor angiogenesis in the surroundings of the lesion (125).
In addition, a phase I/II clinical trial has shown that
administration of cultured MSCs to stroke patients is safe
(126). However, the improvement caused by MSCs was
only moderate in that study, possibly because the cells were
administered to the patients more then a month after stroke
was diagnosed. It is possible that efficiency of MSC
treatment for stroke can be increased if cells are
administered soon after diagnosis. Since MSC frequency in
BM is low, the use of MSCs obtained from other tissues,
and even from allogeneic donors may represent an
alternative to reduce the time needed to achieve the high
cell numbers necessary for infusion.

10.5. Angiogenesis and cancer therapy

As briefly mentioned above, MSCs show the
ability to favor vascularization of the surroundings of
injured sites. Soluble molecules mediate this action, and
these include basic fibroblast growth factor, vascular-
endothelial growth factor, placental growth factor, and
monocyte chemoattractant protein-1 as assessed in a
murine model of unilateral hind limb ischemia (68).
Whereas homing of MSCs to injured sites by chemotactic
and adhesion molecule-mediated mechanisms (reviewed in
(59)) is a desirable feature in the context of cell therapy,
this characteristic makes these cells likewise attracted to
tumors (127, 128), where they support tumoral
vascularization by secreting soluble factors and becoming
physically incorporated into the tumor stroma.

Vascular support provided by MSCs can be
regarded, thus, as a two-edged sword: on one side, it is
useful to accelerate the healing of ischemic lesions; on the
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other hand, it may facilitate the establishment of solid
tumors (129). This situation can be reverted by turning
MSCs into Trojan horses by genetically modifying them to
forcedly express anti-tumoral molecules such as interferon-
a (129), interleukin-12 (130), herpes simplex virus
thymidine kinase (131) or tumor necrosis factor-related
apoptosis-inducing ligand (132).

In the context of tissue engineering, the
angiogenic properties of MSCs add to their potential use as
a source of differentiated cells since they significantly
improve vascularization of biological structures, which is a
key factor for the survival of engineered tissues when
implanted. Such improvement can be maximized if MSCs
are genetically modified to constitutively express
angiogenic molecules, e.g., vascular-endothelial growth
factor (133, 134). In addition, MSC’s ability to interact
with endothelial cells and stabilize blood vessels (135, 136)
can be used to produce vascularized tissue equivalents.
Recently, vascular grafts lined with MSCs were shown
provide conditions for the establishment of a host-derived
endothelial cell layer (137), indicating that MSCs can be
used to line cardiovascular grafts in order to avoid platelet
aggregation and activation.

11. METHODS FOR THE IN VITRO STUDY OF
MESENCHYMAL STEM CELLS

This section describes experimental methods for
the isolation, culture and differentiation of MSCs. Few
references are mentioned, as the protocols have been
developed based on multiple studies available in the
literature and modified according to our own experience.
Similarly, suppliers of the materials mentioned in the
protocols are not specified and, for most of them, we have
tested different brands with similar results. We describe the
main reagents, systematic procedures, and, in some cases,
specific observations for each of the methods.

11.1. Isolation and culture of murine bone marrow
MSCs

Although other organs and tissues may be an
adequate source of MSCs for basic and pre-clinical studies
(see below), BM is still the most widely used source of
cells. The protocol below may be used for murine or rat
BM. However, it is important to emphasize the
establishment of MSC cultures from murine BM by means
of serial passaging in basal medium supplemented with
fetal bovine serum (FBS) is far more difficult as compared
to other species, even though the same does not apply to
other tissues. While discrete fibroblastic colonies develop
when BM from rats or humans are plated and cultured,
primary cultures of murine BM are highly heterogeneous
and contain high levels of hematopoietic contaminants
(138). Murine MSCs can be obtained by means of serial
passaging in Dulbecco’s Modified Eagle’s Medium
containing 10 % FBS ( (11); see below). Nevertheless, this
process is lengthy, and allows for the obtainment of long-
term cultured cell populations with MSC characteristics,
which may become altered due to the extended time in
culture. We have defined conditions in which murine BM
cells form discrete fibroblastic colonies as the basis for a
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CFU-F assay for this species (11). Although this method
provides short-term cultured murine MSCs with relatively
low amounts of hematopoietic contaminants, its efficiency
is low. In this regard, depletion of hematopoietic cells from
murine BM has been reported to allow for the obtainment
of a population of cells with MSC characteristics (16), and
constitutes an alternative to selection by serial passaging;
however, the cells obtained by these two methodologies
cannot be considered equivalent as no study has directly
compared them.

11.1.1. Reagents

e  Standard culture medium (SCM): Low-glucose
Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 3.7 g/l sodium bicarbonate, 10 -
15 mM HEPES (free acid), and 10% fetal bovine
serum (FBS). Antibiotics and antimycotics may be
added.

[ Ca2+Mg2+-free Hank's Balanced Salt Solution (HBSS)

e  Trypsin/EDTA

11.1.2. Procedure

Euthanize the mouse by cervical dislocation and
excise the femurs (tibias may also be used). Remove
epiphyses and, using a syringe coupled to a needle, flush
marrow out with HBSS or medium. After washing by
centrifugation at 400 g for 10 min and counting viable cells
with Trypan blue in a Neubauer chamber, resuspend the
cells in medium to a final concentration of 5 x 10° cells/ml.
To initiate an MSC culture, cells are plated in six-well
tissue culture dishes, at 3.5 ml/well (1.94 x 10° cells/cm?).
The culture is kept in a humidified 5% CO, incubator at 37°
C for 72 h, when most non-adherent cells are removed by
changing the medium. Primary cultures generally become
confluent within around 6 to 7 days, and they should be
subcultured at this time. For that, the cultures are washed
once with HBSS and incubated with a 0.25% trypsin
solution containing 0.01% ethylenediaminetetraacetic acid
(EDTA) for 10 min at 37°C. After detachment, the cells are
resuspended in medium to a final volume of 10.5 ml, and
the resulting suspension is split into three new wells.
Subsequent passages are performed when cultures reach
around 90% confluence. Split ratios are defined empirically
so that subcultures are performed twice a week, and should
be modified as needed. Split ratios may generally be set to
1:6 at passage 5 or 6, 1:9 at around passage 11 and, if
necessary, ratios of up to 1:24 may be used, especially for
cell populations subjected to extensive subcultivation (more
than 20 passages). Culture medium is changed every 3—4
days.

11.1.3. Observations

Cultures must be observed with phase-contrast
microscopy. The initially heterogeneous aspect of the
cultures is gradually replaced by a homogeneous culture
with the typical aspect of MSCs (Figure 2) along the
passages. During the first passages, it may take over one
month for the cultures to reach confluence. Later on, cells
divide more rapidly and confluence is reached in a few
days. Overconfluence should be avoided to prevent cell
death or spontaneous differentiation and to facilitate
subculture
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Figure 2. Phase-contrast images of a culture established
from the bone marrow of a C57B1/6 mouse, on days 1, 3, 5
and 7 (A to D, respectively). Original magnification: x100.

11.2. Isolation and culture of MSCs from other murine
organs and tissues

As already documented in the literature (12),
MSCs can be isolated from virtually any tissue of the body.
Cultures are  very  similar in  morphology,
immunophenotype and function, but seem to exhibit some
differences which have not been yet fully investigated.
Depending on the basic or applied study to be conducted, it
may be interesting to explore the characteristics of cells
isolated from specific organs or tissues.

11.2.1. Procedure

Organs/tissues such as liver, spleen, pancreas,
lung, kidney, aorta, vena cava, thymus, brain and muscle
are collected from perfused or non-perfused animals, rinsed
in HBSS, transferred to a Petri dish and cut into small
pieces. The dissected pieces (around 0.2-0.8 cm®) are
washed with HBSS, cut into smaller fragments, and
subsequently digested with collagenase type I (0.5 mg/ml
in DMEM containing 10 mM HEPES) for 30 minutes to 3
hours at 37°C. Whenever gross remnants persist after
collagenase digestion, they are allowed to settle for 1 to 3
minutes, and the supernatant is transferred to a new tube,
which is then filled up with the addition of SCM. Cell
suspensions may be further cleared from debris by
centrifugation on Ficoll-Hypaque, followed by an
additional washing step. After centrifugation at 400 g for
10 min at room temperature (RT), the pellets are
resuspended in 3.5 ml of SCM, seeded in six-well dishes
(3.5 ml/well), and incubated at 37°C in a humidified
atmosphere containing 5% CO,. Three days later, if the
cultures are not confluent, the whole volume of SCM is
replaced, and the adherent layer is maintained and
expanded as described above. Split ratios are empirically
determined to allow for two subcultures a week at the most.

To establish glomeruli-derived MSC cultures,
kidneys are placed in a 15-ml centrifuge tube containing 5
ml SCM, and mechanically disrupted by several rounds of
aspiration/expulsion using a 10 ml pipette. Single glomeruli
devoid of the Bowman’s capsule are isolated from the cell
suspension by micromanipulation, and transferred either
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individually or collectively to 12-well dishes containing
fresh SCM. Subsequent passages are performed as
described above.

11.3. Isolation and culture of MSCs from human bone
marrow

Most studies focusing on human stem cells use
BM as a source of either hematopoietic or mesenchymal
(“stromal”) stem cells. The basic procedure involves the
isolation of mononuclear cells by density gradient
centrifugation. The isolation of adherent cells results in the
establishment of MSC cultures, similar to the protocols
described above for murine cells. The protocol below is
suitable for the isolation of MSCs for basic or pre-clinical
studies. Clinical-grade protocols may demand further
precautions, such as the use of human AB or autologous
serum instead of FBS.

11.3.1. Additional reagents
e  Phosphate-buffered saline (PBS)

11.3.2. Procedure

Heparinized BM is generally obtained by iliac
crest aspiration from normal volunteer donors or as an
aliquot of material collected for transplantation. BM is
diluted 4:3 (v:v) with PBS, layered on the top of an equal
volume of Ficoll-Hypaque previously dispensed in a
centrifuge tube, and centrifuged at 400 g for 30 min at
room temperature. The layer of mononuclear cells is
collected, washed in HBSS, and viable cells are counted
with Trypan blue and resuspended in SCM at 3 x 10°
viable, nucleated cells/ml. Cells are plated in six-well tissue
culture dishes, at 3.5 ml/well (1.2 x 10° cells/em’), and
incubated in a humidified incubator with 5% CO, at 37° C
for 72 h, when non-adherent cells are removed by changing
the medium. Cultures are maintained and expanded as
described above for murine cells.

11.4. Isolation and culture of MSCs from human
liposuction material

Although human BM is still the most frequently
used source of stem cells for basic studies or clinical trials,
autologous BM procurement has potential limitations.
Adipose tissue obtained by liposuction has been shown to
contain mesenchymal stem-like, multipotent cells (36), and
has been being increasingly used as an alternative stem cell
source to BM-derived MSCs.

11.4.1. Additional reagents
e  Collagenase type I
e Lysis buffer (160 mM NH,CI)

11.4.2. Procedure

The liposuction sample is extensively washed
with PBS. This can be easily done with a separatory funnel
(Figure 3). The extracellular matrix is digested by
incubation of the washed aspirates with a 3-fold volume of
1 mg/ml collagenase type I, at 37°C for 30 min with gentle
agitation. Excess collagenase is washed out, and residual
tryptic activity is inhibited, by addition of an equal volume
of DMEM/10% FBS and centrifugation at 800 g for 10 min
at RT. The pellet, containing the stem cell fraction among
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Figure 3. Separatory funnel used to wash liposuction
material for isolation of adipose-derived stem cells. Fat,
liposuction material; PBS, phosphate-buffered saline used
for washing.

other non-adipocytic cells, is incubated with lysis buffer for
10 min at RT to lyse contaminating red blood cells. After
washing and counting with Trypan blue, cells are
resuspended in SCM at 2x10° viable cells/ml, and plated in
six-well tissue culture dishes at 3.5 ml/well. The plates are
incubated at 37°C/5% CO,, and non-adherent cells are
removed 24 h later. From then on, the cultures are
maintained as described for murine cells.

11.5. CFU-F assay

As reviewed above, the frequency of CFU-Fs has
been considered indicative of the frequency of MSCs.
Recently, based on the hypothesis that MSCs are a subset
of perivascular cells, the number of CFU-Fs detected in
equine adipose tissue has been found to positively correlate
with the vascular density of the specimens (139), validating
the CFU-F assay as tool to estimate MSC frequency. The
protocol below has been designed for murine BM cells and
is similar to the establishment of a conventional MSC
culture, except for the fact that the cells are plated at a low
density. It is important to highlight that this assay should be
adapted to tissues/organs other than BM in order to avoid
overlapping of the fibroblastic colonies, as CFU-F numbers
are expected to be proportional to the degree of
vascularization of the sample assayed. The stromal-
vascular fraction of human adipose tissue, for example,
contains around 500-fold more CFU-Fs than BM
mononuclear cells plated at the same cell density (140).
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11.5.1. Procedure

Murine BM is collected as described above, and a
cell suspension containing 2.25 x 10° viable nucleated
cells/ml is prepared with DMEM/10% FBS. Two milliliters
of this cell suspension are dispensed into each well of a six-
well plate (4.98 x 10* viable nucleated cells/cm®). The
culture is kept in a humidified incubator with 5% CO, at
37° C, and the medium is replaced on days 3 (with
consequent removal of most non-adherent cells) and 8. On
day 13, the medium is removed and the cultures are stained
with Giemsa. The number of colonies displaying five or
more cells is scored on the inverted microscope. Colonies
with four cells are counted when one of them presents two
nuclei. Colonies whose morphology clearly differ from the
characteristic mMSC morphology are excluded from the
results.

11.6 Differentiation assays

As part of the minimal criteria proposed by the
Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy to define human
MSCs (28), cells must be able to differentiate into
osteoblasts, adipocytes and chondroblasts in vitro. The
protocols to induce differentiation of cultured MSCs into
these lineages are presented below. Figure 4 presents the
final aspect of cultures differentiated into the three lineages
and stained as described.

11.6.1. Osteogenic differentiation

11.6.1.1. Additional reagents

e  Osteogenic medium: DMEM supplemented with 10%
FBS, 15 mM HEPES, 10® M dexamethasone, 5 - 50
ug/ml ascorbate-2-phosphate, and 10 mM -
glycerophosphate. Antibiotics and/or antimycotics
may be added.

11.6.1.2. Procedure

Osteogenic differentiation is induced by culturing
confluent cultures for up to 4 weeks in osteogenic medium.
The medium is changed twice a week. The mineralized
extracellular matrix produced by osteoblasts is usually
observable at around one week (mMSCs) or two weeks
(hMSCs) after the start of osteogenic induction. Calcium
deposition is revealed by washing the cultures once with
PBS, fixing with 4% paraformaldehyde in PBS for 15-30
minutes at RT, and staining for 5 minutes at RT with
Alizarin Red S stain at pH 4.2 (Figure 4B).

11.6.2. Adipogenic differentiation

11.6.2.1. Additional reagents

e  Adipogenic  medium:  high-glucose = DMEM
supplemented with 10% FBS, 15 mM HEPES, 10®* M
dexamethasone, 2.5 pg/ml insulin, and 100 pM
indomethacin. Other protocols include further
supplementation of the adipogenic medium with 0.5
mM isobutylmethylxanthine (IBMX), 3.5 upM
rosiglitazone or 5 pM 15-deoxy-D'*'*-prostaglandin
J,. Antibiotics and/or antimycotics may be added.

o Oil Red O solution: mix 3 volumes of 3.75%

(w/v) Oil Red O in isopropanol plus two volumes of

distilled water and filter
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Figure 4. Differentiation of MSCs. A. Normal MSC
culture, stained with Giemsa. B. Osteogenic differentiation,
stained with Alizarin Red S. C. Adipogenic differentiation,

phase-contrast image evidencing fat vacuoles. D.
Chondrogenic differentiation, culture stained with Alcian
blue. Original magnification: x100.

o Sudan Black B solution: mix three volumes of 2%
Sudan Black B in isopropanol plus two volumes of
distilled water and filter

11.6.2.2. Procedure

Nearly confluent MSC cultures are maintained
for up to 4 weeks in adipogenic medium, with two medium
changes every week. Alternatively, MSCs may be cultured
in the adipogenic induction medium for two weeks, and the
differentiated adipocytes switched to a maintenance
medium consisting of high-glucose medium supplemented
with 10% FBS and 5 — 10 mg/ml insulin, to allow for
increased adipocytic maturation. Adipocytes are easily
discerned from the undifferentiated cells by phase-contrast
microscopy (Figure 4C). To further confirm their identity,
cells are fixed with 4% paraformaldehyde in PBS for 1
hour at RT, and stained with either Oil Red O solution or
Sudan Black B solution for 5 minutes at RT. When stained
with Oil Red O, the cultures are counterstained with
Harry’s hematoxylin (1 minute at RT) to make nuclei
evident.

11.6.3. Chondrogenic differentiation

11.6.3.1. Additional reagents

e  Chondrogenic medium: high-glucose = DMEM
supplemented with 1% FBS, 6.25 pg/ml insulin, 10
ng/ml TGF-B1, and 50 pM ascorbate-2-phosphate.
Antibiotics and/or antimycotics may be added.

11.6.3.2. Procedure

Confluent MSC cultures are maintained for up to
4 weeks in chondrogenic medium, with two medium
changes every week. The extracellular matrix produced by
chondrocytes is rich in sulfated glycosaminoglycans, which
are stained with Alcian blue: cultures are washed with PBS,
fixed with 4% paraformaldehyde in PBS for 15-30 minutes
at RT, and stained for 5 minutes at RT with Alcian blue
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(Figure 4D). Chondrogenic differentiation of three-
dimensional cell aggregates (25, 141) constitutes an
alternative to this method, and can be performed in a fully
chemically defined medium.

12. CONCLUSION

The relative ease with which mesenchymal stem
cells may be isolated from multiple sites and expanded in
culture, their high plasticity and important biological
properties have drawn great attention to these cells. The
concept that cultured MSCs show a tendency to home to
injured sites where they can exert therapeutic effects
through the secretion of bioactive molecules that play
antiapoptotic, immunomodulatory, anti-scarring,
angiogenic and chemoattractant roles dramatically
increases their range of potential clinical applications,
which had been previously thought to be limited to cell and
tissue replacement. In addition, the notion that MSCs are
distributed throughout the organism in a perivascular
location allows for the development of therapeutic
protocols aimed at the subendothelial compartment in order
to treat different disorders. Further research on perivascular
stem cell biology and their behavior in different
physiological and non-physiological backgrounds is
required in order to establish new therapeutic strategies.
The outlook is that therapies based on the paracrine effects
of MSCs may become standard clinical procedures in a few
years.

13. ACKNOWLEDGEMENTS

The finantial support from Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq) is
gratefully acknowledged. L. da S. M. holds a post-doctoral
fellowship from Fundacao de Amparo a Pesquisa do Estado
de Sao Paulo (FAPESP).

14. REFERENCES

1. A. 1. Caplan: Mesenchymal stem cells. J Orthop Res 9,
641-650 (1991)

2. D. G. Phinney: Building a consensus regarding the
nature and origin of mesenchymal stem cells. J Cell
Biochem Suppl 38, 7-12 (2002)

3. T. M. Dexter, T. D. Allen and L. G. Lajtha: Conditions
controlling the proliferation of haemopoietic stem cells in
vitro. J Cell Physiol 91, 335-344 (1977)

4. M. Lanotte, T. D. Allen and T. M. Dexter: Histochemical
and ultrastructural characteristics of a cell line from human
bone-marrow stroma. J Cell Sci 50, 281-297 (1981)

5. D. J. Prockop: Marrow stromal cells as stem cells for
nonhematopoietic tissues. Science 276, 71-74 (1997)

6. J. Goshima, V. M. Goldberg and A. I. Caplan: The
osteogenic potential of culture-expanded rat marrow
mesenchymal cells assayed in vivo in calcium phosphate
ceramic blocks. Clin Orthop Relat Res 262,298-311 (1991)



Methods, biology and applications of mesenchymal stem cells

7. N. Beyer Nardi and L. da Silva Meirelles: Mesenchymal
stem cells: isolation, in vitro expansion and
characterization. Handb Exp Pharmacol 174, 249-282
(2006)

8. D. P. Lennon and A. I. Caplan: Isolation of human
marrow-derived mesenchymal stem cells. Exp Hematol 34,
1604-1605 (2006)

9. D. G. Phinney, G. Kopen, W. Righter, S. Webster, N.
Tremain and D. J. Prockop: Donor variation in the growth
properties and osteogenic potential of human marrow
stromal cells. J Cell Biochem 75, 424-436 (1999)

10. D. P. Lennon and A. 1. Caplan: Isolation of rat marrow-
derived mesenchymal stem cells. Exp Hematol 34, 1606-
1607 (2006)

11. L. da S. Meirelles and N. B. Nardi: Murine marrow-
derived mesenchymal stem cell: isolation, in vitro
expansion, and characterization. Br J Haematol 123, 702-
711 (2003)

12. L. da Silva Meirelles, P. C. Chagastelles and N. B.
Nardi: Mesenchymal stem cells reside in virtually all post-
natal organs and tissues. J Cell Sci 119, 2204-2213 (2006)

13. M. Krampera, S. Marconi, A. Pasini, M. Galie, G.
Rigotti, F. Mosna, M. Tinelli, L. Lovato, E. Anghileri, A.
Andreini, G. Pizzolo, A. Sbarbati and B. Bonetti: Induction
of neural-like differentiation in human mesenchymal stem
cells derived from bone marrow, fat, spleen and thymus.
Bone 40, 382-390 (2007)

14. B. M. Seo, M. Miura, S. Gronthos, P. M. Bartold, S.
Batouli, J. Brahim, M. Young, P. G. Robey, C. Y. Wang
and S. Shi: Investigation of multipotent postnatal stem cells
from human periodontal ligament. Lancet 364, 149-155
(2004)

15. F. Deschaseaux, F. Gindraux, R. Saadi, L. Obert, D.
Chalmers and P. Herve: Direct selection of human bone
marrow mesenchymal stem cells using an anti-CD49a
antibody reveals their CD45med,low phenotype. Br J
Haematol 122, 506-517 (2003)

16. G. C. Kopen, D. J. Prockop and D. G. Phinney: Marrow
stromal cells migrate throughout forebrain and cerebellum,
and they differentiate into astrocytes after injection into
neonatal mouse brains. Proc Natl Acad Sci U S A 96,
10711-10716 (1999)

17. E. Jones and D. McGonagle: Human bone marrow
mesenchymal stem cells in vivo. Rheumatology (Oxford)
47,126-131 (2008)

18. G. D'Ippolito, S. Diabira, G. A. Howard, P. Menei, B.
A. Roos and P. C. Schiller: Marrow-isolated adult
multilineage inducible (MIAMI) cells, a unique population
of postnatal young and old human cells with extensive
expansion and differentiation potential. J Cell Sci 117 (Pt
14), 2971-2981 (2004)

4292

19. S. P. Bruder, N. Jaiswal and S. E. Haynesworth:
Growth kinetics, self-renewal, and the osteogenic potential
of purified human mesenchymal stem cells during
extensive subcultivation and following cryopreservation. J
Cell Biochem 64, 278-294 (1997)

20. I. Sekiya, B. L. Larson, J. R. Smith, R. Pochampally, J.
G. Cui and D. J. Prockop: Expansion of human adult stem
cells from bone marrow stroma: conditions that maximize
the yields of early progenitors and evaluate their quality.
Stem Cells 20, 530-541 (2002)

21. P. A. Sotiropoulou, S. A. Perez, M. Salagianni, C. N.
Baxevanis and M. Papamichail: Cell culture medium
composition and translational adult bone marrow-derived
stem cell research. Stem Cells 24, 1409-1410 (2006)

22. D. Rubio, J. Garcia-Castro, M. C. Martin, R. de la
Fuente, J. C. Cigudosa, A. C. Lloyd and A. Bernad:
Spontaneous human adult stem cell transformation. Cancer
Res 65, 3035-3039 (2005)

23. N. Jaiswal, S. E. Haynesworth, A. I. Caplan and S. P.
Bruder: Osteogenic differentiation of purified, culture-
expanded human mesenchymal stem cells in vitro. J Cell
Biochem 64, 295-312 (1997)

24. D. L. Mackay, P. J. Tesar, L. N. Liang and S. E.
Haynesworth: Characterizing medullary and human
mesenchymal stem cell-derived adipocytes. J Cell
Physiol 207, 722-728 (2006)

25. B. Johnstone, T. M. Hering, A. 1. Caplan, V. M.
Goldberg and J. U. Yoo: In vitro chondrogenesis of
bone marrow-derived mesenchymal progenitor cells.
Exp Cell Res 238, 265-272 (1998)

26. E. A. Jones, S. E. Kinsey, A. English, R. A. Jones,
L. Straszynski, D. M. Meredith, A. F. Markham, A.
Jack, P. Emery and D. McGonagle: Isolation and
characterization of bone marrow multipotential
mesenchymal progenitor cells. Arthritis Rheum 46,
3349-3360 (2002)

27. D. O. Traktuev, S. Merfeld-Clauss, J. Li, M.
Kolonin, W. Arap, R. Pasqualini, B. H. Johnstone and
K. L. March: A population of multipotent CD34-
positive adipose stromal cells share pericyte and
mesenchymal  surface  markers, reside in a
periendothelial location, and stabilize endothelial
networks. Circ Res 102, 77-85 (2008)

28. M. Dominici, K. Le Blanc, I. Mueller, I. Slaper-
Cortenbach, F. Marini, D. Krause, R. Deans, A. Keating,
D. Prockop and E. Horwitz: Minimal criteria for
defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position
statement. Cytotherapy 8, 315-317 (2006)

29. D. T. Covas, J. L. Siufi, A. R. Silva and M. D.
Orellana: Isolation and culture of umbilical vein



Methods, biology and applications of mesenchymal stem cells

mesenchymal stem cells. Braz J Med Biol Res 36, 1179-
1183 (2003)

30. C. De Bari, F. Dell'Accio, P. Tylzanowski and F. P.
Luyten: Multipotent mesenchymal stem cells from adult
human synovial membrane. Arthritis Rheum 44, 1928-1942
(2001)

31. H. Nakahara, V. M. Goldberg and A. I. Caplan:
Culture-expanded human periosteal-derived cells exhibit
osteochondral potential in vivo. J Orthop Res 9, 465-476
(1991)

32. M. F. Pittenger, A. M. Mackay, S. C. Beck, R. K.
Jaiswal, R. Douglas, J. D. Mosca, M. A. Moorman, D. W.
Simonetti, S. Craig and D. R. Marshak: Multilineage
potential of adult human mesenchymal stem cells. Science
284, 143-147 (1999)

33. Y. A. Romanov, V. A. Svintsitskaya and V. N.
Smirnov: Searching for alternative sources of postnatal
human mesenchymal stem cells: candidate MSC-like cells
from umbilical cord. Stem Cells 21, 105-110 (2003)

34. R. Salingcarnboriboon, H. Yoshitake, K. Tsuji, M.
Obinata, T. Amagasa, A. Nifuji and M. Noda:
Establishment of tendon-derived cell lines exhibiting
pluripotent mesenchymal stem cell-like property. Exp Cell
Res 287, 289-300 (2003)

35.J. G. Toma, M. Akhavan, K. J. Fernandes, F. Barnabe-
Heider, A. Sadikot, D. R. Kaplan and F. D. Miller:
Isolation of multipotent adult stem cells from the dermis of
mammalian skin. Nat Cell Biol 3, 778-784 (2001)

36. P. A. Zuk, M. Zhu, H. Mizuno, J. Huang, J. W. Futrell,
A. J. Katz, P. Benhaim, H. P. Lorenz and M. H. Hedrick:
Multilineage cells from human adipose tissue: Implications
for cell-based therapies. Tissue Eng 7,211-228 (2001)

37. P. Bianco and G. Cossu: Uno, nessuno e centomila:
searching for the identity of mesodermal progenitors. Exp
Cell Res 251, 257-263 (1999)

38. P. Bianco, M. Riminucci, S. Gronthos and P. G. Robey:
Bone marrow stromal stem cells: nature, biology, and
potential applications. Stem Cells 19, 180-192 (2001)

39. C. T. Brighton, D. G. Lorich, R. Kupcha, T. M. Reilly,
A. R. Jones and R. A. Woodbury: The pericyte as a
possible osteoblast progenitor-cell. Clin Orthop Relat Res
275, 287-299 (1992)

40. L. Diaz-Flores, R. Gutierrez, A. Lopez-Alonso, R.
Gonzalez and H. Varela: Pericytes as a supplementary
source of osteoblasts in periosteal osteogenesis. Clin
Orthop Relat Res 275, 280-286 (1992)

41. R. L. Richardson, G. J. Hausman and D. R. Campion:
Response of pericytes to thermal lesion in the inguinal fat
pad of 10-day-old rats. Acta Anat (Basel) 114, 41-57 (1982)

4293

42. K. S. Choi, J. S. Shin, J. J. Lee, Y. S. Kim, S. B. Kim
and C. W. Kim: [In vitro trans-differentiation of rat
mesenchymal cells into insulin-producing cells by rat
pancreatic extract. Biochem Biophys Res Commun 330,
1299-1305 (2005)

43. C. Lange, P. Bassler, M. V. Lioznov, H. Bruns, D.
Kluth, A. R. Zander and H. C. Fiegel: Liver-specific gene
expression in mesenchymal stem cells is induced by liver
cells. World J Gastroenterol 11, 4497-4504 (2005)

44. Y. Sato, H. Araki, J. Kato, K. Nakamura, Y. Kawano,
M. Kobune, T. Sato, K. Miyanishi, T. Takayama, M.
Takahashi, R. Takimoto, S. Iyama, T. Matsunaga, S.
Ohtani, A. Matsuura, H. Hamada and Y. Niitsu: Human
mesenchymal stem cells xenografted directly to rat liver are
differentiated into human hepatocytes without fusion.
Blood 106, 756-763 (2005)

45. D. Woodbury, E. J. Schwarz, D. J. Prockop and 1. B.
Black: Adult rat and human bone marrow stromal cells
differentiate into neurons. J Neurosci Res 61, 364-370
(2000)

46. J. Sanchez-Ramos, S. Song, F. Cardozo-Pelaez, C.
Hazzi, T. Stedeford, A. Willing, T. B. Freeman, S. Saporta,
W. Janssen, N. Patel, D. R. Cooper and P. R. Sanberg:
Adult bone marrow stromal cells differentiate into neural
cells in vitro. Exp Neurol 164, 247-256 (2000)

47. K. D. Lee, T. K. Kuo, J. Whang-Peng, Y. F. Chung, C.
T. Lin, S. H. Chou, J. R. Chen, Y. P. Chen and O. K. Lee:
In vitro hepatic differentiation of human mesenchymal
stem cells. Hepatology 40, 1275-1284 (2004)

48. C. Moriscot, F. de Fraipont, M. J. Richard, M.
Marchand, P. Savatier, D. Bosco, M. Favrot and P. Y.
Benhamou: Human bone marrow mesenchymal stem cells
can express insulin and key transcription factors of the
endocrine pancreas developmental pathway upon genetic
and/or microenvironmental manipulation in vitro. Stem
Cells 23, 594-603 (2005)

49. Y. Jiang, B. N. Jahagirdar, R. L. Reinhardt, R. E.
Schwartz, C. D. Keene, X. R. Ortiz-Gonzalez, M. Reyes, T.
Lenvik, T. Lund, M. Blackstad, J. Du, S. Aldrich, A.
Lisberg, W. C. Low, D. A. Largaespada and C. M.
Verfaillie: Pluripotency of mesenchymal stem cells derived
from adult marrow. Nature 418, 41-49 (2002)

50. T. M. Coyne, A. J. Marcus, D. Woodbury and 1. B.
Black: Marrow stromal cells transplanted to the adult brain
are rejected by an inflammatory response and transfer
donor labels to host neurons and glia. Stem Cells 24, 2483-
2492 (2006)

51. J. Giles: The trouble with replication. Nature 442, 344-
347 (2006)

52. M. Alvarez-Dolado, R. Pardal, J. M. Garcia-Verdugo, J.
R. Fike, H. O. Lee, K. Pfeffer, C. Lois, S. J. Morrison and
A. Alvarez-Buylla: Fusion of bone-marrow-derived cells



Methods, biology and applications of mesenchymal stem cells

with Purkinje neurons, cardiomyocytes and hepatocytes.
Nature 425, 968-973 (2003)

53. T. Tallheden, J. E. Dennis, D. P. Lennon, E. Sjogren-
Jansson, A. 1. Caplan and A. Lindahl: Phenotypic plasticity
of human articular chondrocytes. J Bone Joint Surg Am 85-
A Suppl 2, 93-100 (2003)

54. M. Kuwana, Y. Okazaki, H. Kodama, K. Izumi, H.
Yasuoka, Y. Ogawa, Y. Kawakami and Y. Ikeda: Human
circulating CD14+ monocytes as a source of progenitors
that exhibit mesenchymal cell differentiation. J Leukoc Biol
74, 833-845 (2003)

55. G. E. Rooney, L. Howard, T. O'Brien, A. J. Windebank
and F. P. Barry: Elevation of cAMP in mesenchymal stem
cells transiently upregulates neural markers rather than
inducing neural differentiation. Stem Cells Dev (2008)
doi:10.1089/5¢d.2008.0080

56. S. Wislet-Gendebien, G. Hans, P. Leprince, J. M. Rigo,
G. Moonen and B. Rogister: Plasticity of cultured
mesenchymal stem cells: switch from nestin-positive to
excitable neuron-like phenotype. Stem Cells 23, 392-402
(2005)

57. E. Anghileri, S. Marconi, A. Pignatelli, P. Cifelli, M.
Galie, A. Sbarbati, M. Krampera, O. Belluzzi and B.
Bonetti: Neuronal differentiation potential of human
adipose-derived mesenchymal stem cells. Stem Cells Dev
(2008) doi:10.1089/5¢d.2007.0197

58. Y. S. Levy, M. Bahat-Stroomza, R. Barzilay, A.
Burshtein, S. Bulvik, Y. Barhum, H. Panet, E. Melamed
and D. Offen: Regenerative effect of neural-induced human
mesenchymal stromal cells in rat models of Parkinson's
disease. Cytotherapy 10, 340-352 (2008)

59. L. da Silva Meirelles, A. 1. Caplan and N. B. Nardi: In
search of the in vivo identity of mesenchymal stem cells.
Stem Cells (2008) doi:10.1634/stemcells.2007-1122

60. L. Diaz-Flores, R. Gutierrez, P. Gonzalez and H.
Varela: Inducible perivascular cells contribute to the
neochondrogenesis in grafted perichondrium. Anat Rec
229, 1-8 (1991)

61. M. S. Davidoff, R. Middendorff, G. Enikolopov, D.
Riethmacher, A. F. Holstein and D. Muller: Progenitor cells
of the testosterone-producing Leydig cells revealed. J Cell
Biol 167, 935-944 (2004)

62. C. A. McCulloch: Progenitor cell populations in the
periodontal ligament of mice. Anat Rec 211, 258-262
(1985)

63. R. W. Chan and C. E. Gargett: Identification of label-
retaining cells in mouse endometrium. Stem Cells 24, 1529-
1538 (2006)

64. T. Yamashima, A. B. Tonchev, 1. H. Vachkov, B. K.
Popivanova, T. Seki, K. Sawamoto and H. Okano: Vascular

4294

adventitia generates neuronal progenitors in the monkey
hippocampus after ischemia. Hippocampus 14, 861-875
(2004)

65. A. 1. Caplan and J. E. Dennis: Mesenchymal stem cells
as trophic mediators. J Cell Biochem 98, 1076-1084 (2006)

66. M. Gnecchi, H. He, O. D. Liang, L. G. Melo, F.
Morello, H. Mu, N. Noiseux, L. Zhang, R. E. Pratt, J. S.
Ingwall and V. J. Dzau: Paracrine action accounts for
marked protection of ischemic heart by Akt-modified
mesenchymal stem cells. Nat Med 11, 367-368 (2005)

67. T. Kinnaird, E. Stabile, M. S. Burnett, C. W. Lee, S.
Barr, S. Fuchs and S. E. Epstein: Marrow-derived stromal
cells express genes encoding a broad spectrum of
arteriogenic cytokines and promote in vitro and in vivo
arteriogenesis through paracrine mechanisms. Cardiovasc
Res 94, 678-685 (2004)

68. T. Kinnaird, E. Stabile, M. S. Burnett, M. Shou, C.
W. Lee, S. Barr, S. Fuchs and S. E. Epstein: Local
delivery of marrow-derived stromal cells augments
collateral perfusion through paracrine mechanisms.
Circulation 109, 1543-1549 (2004)

69. Y. L. Tang, Q. Zhao, X. Y. Qin, L. P. Shen, L. L.
Cheng, J. B. Ge and M. I. Phillips: Paracrine action
enhances the effects of autologous mesenchymal stem
cell transplantation on vascular regeneration in rat
model of myocardial infarction. Ann Thorac Surg. 80,
229-237 (2005)

70. A. I. Caplan: Adult mesenchymal stem cells for
tissue engineering versus regenerative medicine. J Cell
Physiol 213, 341-347 (2007)

71. S. A. Patel, L. Sherman, J. Munoz and P.
Rameshwar: Immunological properties of mesenchymal
stem cells and clinical implications. Arch Immunol Ther
Exp (Warsz) 56, 1-8 (2008)

72. A. Uccelli, V. Pistoia and L. Moretta: Mesenchymal
stem cells: a new strategy for immunosuppression?
Trends Immunol 28, 219-226 (2007)

73. M. Di Nicola, C. Carlo-Stella, M. Magni, M.
Milanesi, P. D. Longoni, P. Matteucci, S. Grisanti and
A. M. Gianni: Human bone marrow stromal cells
suppress T-lymphocyte proliferation induced by cellular
or nonspecific mitogenic stimuli. Blood 99, 3838-3843
(2002)

74. F. Locatelli, R. Maccario and F. Frassoni:
Mesenchymal stromal cells, from indifferent spectators
to principal actors. Are we going to witness a revolution
in the scenario of allograft and immune-mediated
disorders? Haematologica 92, 872-877 (2007)

75. M. Krampera, S. Glennie, J. Dyson, D. Scott, R.
Laylor, E. Simpson and F. Dazzi: Bone marrow
mesenchymal stem cells inhibit the response of naive



Methods, biology and applications of mesenchymal stem cells

and memory antigen-specific T cells to their cognate
peptide. Blood 101, 3722-3729 (2003)

76. A. Bartholomew, C. Sturgeon, M. Siatskas, K. Ferrer,
K. Mclntosh, S. Patil, W. Hardy, S. Devine, D. Ucker, R.
Deans, A. Moseley and R. Hoffman: Mesenchymal stem
cells suppress lymphocyte proliferation in vitro and prolong
skin graft survival in vivo. Exp Hematol 30, 42-48 (2002)

77. H. M. Lazarus, O. N. Koc, S. M. Devine, P. Curtin, R.
T. Maziarz, H. K. Holland, E. J. Shpall, P. McCarthy, K.
Atkinson, B. W. Cooper, S. L. Gerson, M. J. Laughlin, F.
R. Loberiza, Jr., A. B. Moseley and A. Bacigalupo:
Cotransplantation of HLA-identical sibling culture-
expanded mesenchymal stem cells and hematopoietic stem
cells in hematologic malignancy patients. Biol/ Blood
Marrow Transplant 11, 389-398 (2005)

78. K. Le Blanc, 1. Rasmusson, B. Sundberg, C.
Gotherstrom, M. Hassan, M. Uzunel and O. Ringden:
Treatment of severe acute graft-versus-host disease with
third party haploidentical mesenchymal stem cells. Lancet
363, 1439-1441 (2004)

79. R. Maccario, M. Podesta, A. Moretta, A. Cometa, P.
Comoli, D. Montagna, L. Daudt, A. Ibatici, G. Piaggio, S.
Pozzi, F. Frassoni and F. Locatelli: Interaction of human
mesenchymal stem cells with cells involved in alloantigen-
specific immune response favors the differentiation of
CD4+ T-cell subsets expressing a regulatory/suppressive
phenotype. Haematologica 90, 516-525 (2005)

80. A. Uccelli, L. Moretta and V. Pistoia:
Immunoregulatory function of mesenchymal stem cells.
Eur J Immunol 36, 2566-2573 (2006)

81. W. E. Fibbe, A. J. Nauta and H. Roelofs: Modulation of
immune responses by mesenchymal stem cells. 4nn N Y
Acad Sci 1106, 272-278 (2007)

82. H. Strobl and W. Knapp: TGF-betal regulation of
dendritic cells. Microbes Infect 1, 1283-1290 (1999)

83. E. Zappia, S. Casazza, E. Pedemonte, F. Benvenuto, I.
Bonanni, E. Gerdoni, D. Giunti, A. Ceravolo, F. Cazzanti,
F. Frassoni, G. Mancardi and A. Uccelli: Mesenchymal
stem cells ameliorate experimental autoimmune
encephalomyelitis inducing T-cell anergy. Blood 106,
1755-1761 (2005)

84. S. Aggarwal and M. F. Pittenger: Human mesenchymal
stem cells modulate allogeneic immune cell responses.
Blood 105, 1815-1822 (2005)

85. R. Meisel, A. Zibert, M. Laryea, U. Gobel, W.
Daubener and D. Dilloo: Human bone marrow stromal cells
inhibit allogeneic T-cell responses by indoleamine 2,3-
dioxygenase-mediated tryptophan degradation. Blood 103,
4619-4621 (2004)

86. K. Sato, K. Ozaki, I. Oh, A. Meguro, K. Hatanaka, T.
Nagai, K. Muroi and K. Ozawa: Nitric oxide plays a critical

4295

role in suppression of T-cell proliferation by mesenchymal
stem cells. Blood 109, 228-234 (2007)

87.J. A. Potian, H. Aviv, N. M. Ponzio, J. S. Harrison and
P. Rameshwar: Veto-like activity of mesenchymal stem
cells: functional discrimination between cellular responses
to alloantigens and recall antigens. J Immunol 171, 3426~
3434 (2003)

88. K. Le Blanc, L. Tammik, B. Sundberg, S. E.
Haynesworth and O. Ringden: Mesenchymal stem cells
inhibit and stimulate mixed lymphocyte cultures and
mitogenic responses independently of the major
histocompatibility complex. Scand J Immunol 57, 11-20
(2003)

89. J. L. Chan, K. C. Tang, A. P. Patel, L. M. Bonilla, N.
Pierobon, N. M. Ponzio and P. Rameshwar: Antigen-
presenting property of mesenchymal stem cells occurs
during a narrow window at low levels of interferon-gamma.
Blood 107, 4817-4824 (2006)

90. R. Romicu-Mourez, M. Francois, M. N. Boivin, J.
Stagg and J. Galipeau: Regulation of MHC class 11
expression and antigen processing in murine and human
mesenchymal stromal cells by IFN-gamma, TGF-beta,
and cell density. J Immunol 179, 1549-1558 (2007)

91. K. C. Tang, K. A. Trzaska, S. V. Smirnov, S. V.
Kotenko, S. K. Schwander, J. J. Ellner and P.
Rameshwar: Down-regulation of MHC 1II in
mesenchymal stem cells at high IFN-gamma can be
partly explained by cytoplasmic retention of CIITA. J
Immunol 180, 1826-1833 (2008)

92. G. Ren, L. Zhang, X. Zhao, G. Xu, Y. Zhang, A. 1.
Roberts, R. C. Zhao and Y. Shi: Mesenchymal stem
cell-mediated immunosuppression occurs via concerted
action of chemokines and nitric oxide. Cell Stem Cell 2,
141-150 (2008)

93. R. Cancedda, P. Giannoni and M. Mastrogiacomo: A
tissue engineering approach to bone repair in large
animal models and in clinical practice. Biomaterials 28,
4240-4250 (2007)

94. J. R. Mauney, V. Volloch and D. L. Kaplan: Role of
adult mesenchymal stem cells in bone tissue engineering
applications: current status and future prospects. Tissue
Eng 11, 787-802 (2005)

95. D. Orlic, J. Kajstura, S. Chimenti, I. Jakoniuk, S. M.
Anderson, B. Li, J. Pickel, R. McKay, B. Nadal-Ginard,
D. M. Bodine, A. Leri and P. Anversa: Bone marrow
cells regenerate infarcted myocardium. Nature 410, 701-
705 (2001)

96. L. B. Balsam, A. J. Wagers, J. L. Christensen, T.
Kofidis, I. L. Weissman and R. C. Robbins:
Haematopoietic stem cells adopt mature haematopoietic
fates in ischaemic myocardium. Nature 428, 668-673
(2004)



Methods, biology and applications of mesenchymal stem cells

97. C. E. Murry, M. H. Soonpaa, H. Reinecke, H.
Nakajima, H. O. Nakajima, M. Rubart, K. B. Pasumarthi, J.
I. Virag, S. H. Bartelmez, V. Poppa, G. Bradford, J. D.
Dowell, D. A. Williams and L. J. Field: Haematopoietic
stem cells do not transdifferentiate into cardiac myocytes in
myocardial infarcts. Nature 428, 664-668 (2004)

98. D. J. Pearce, C. M. Ridler, C. Simpson and D. Bonnet:
Multiparameter analysis of murine bone marrow side
population cells. Blood 103, 2541-2546 (2004)

99. S. Makino, K. Fukuda, S. Miyoshi, F. Konishi, H.
Kodama, J. Pan, M. Sano, T. Takahashi, S. Hori, H. Abe, J.
Hata, A. Umezawa and S. Ogawa: Cardiomyocytes can be
generated from marrow stromal cells in vitro. J Clin Invest,
103 (5), 697-705 (1999)

100. S. Wakitani, T. Saito and A. I. Caplan: Myogenic cells
derived from rat bone-marrow mesenchymal stem-cells
exposed to S-azacytidine. Muscle Nerve 18, 1417-1426
(1995)

101. S. L. Chen, W. W. Fang, F. Ye, Y. H. Liu, J. Qian, S.
J. Shan, J. J. Zhang, R. Z. Chunhua, L. M. Liao, S. Lin and
J. P. Sun: Effect on left ventricular function of
intracoronary transplantation of autologous bone marrow
mesenchymal stem cell in patients with acute myocardial
infarction. Am J Cardiol 94, 92-95 (2004)

102. E. L. Olivares, V. P. Ribeiro, J. P. Werneck de Castro,
K. C. Ribeiro, E. C. Mattos, R. C. Goldenberg, J. G. Mill,
H. F. Dohmann, R. R. dos Santos, A. C. de Carvalho and
M. O. Masuda: Bone marrow stromal cells improve cardiac
performance in healed infarcted rat hearts. Am J Physiol
Heart Circ Physiol 287, H464-470 (2004)

103. J. G. Shake, P. J. Gruber, W. A. Baumgartner, G.
Senechal, J. Meyers, J. M. Redmond, M. F. Pittenger and
B. J. Martin: Mesenchymal stem cell implantation in a
swine myocardial infarct model: engraftment and
functional effects. Ann Thorac Surg 73, 1919-1925 (2002)

104. W. D. Dai, S. L. Hale, B. J. Martin, J. Q. Kuang, J. S.
Dow, L. E. Wold and R. A. Kloner: Allogeneic
mesenchymal stem cell transplantation in postinfarcted rat
myocardium - Short- and long-term effects. Circulation
112, 214-223 (2005)

105. M. Gnecchi, H. He, N. Noiseux, O. D. Liang, L.
Zhang, F. Morello, H. Mu, L. G. Melo, R. E. Pratt, J. S.
Ingwall and V. J. Dzau: Evidence supporting paracrine
hypothesis for Akt-modified mesenchymal stem cell-
mediated cardiac protection and functional improvement.
FASEB J 20, 661-669 (2006)

106. L. Li, S. Zhang, Y. Zhang, B. Yu, Y. Xu and Z. Guan:
Paracrine action mediate the antifibrotic effect of
transplanted mesenchymal stem cells in a rat model of
global heart failure. Mol Biol Rep (2008)

107. S. Ohnishi, H. Sumiyoshi, S. Kitamura and N.
Nagaya: Mesenchymal stem cells attenuate cardiac

4296

fibroblast proliferation and collagen synthesis through
paracrine actions. FEBS Lett 581, 3961-3966 (2007)

108. X. Hu, J. Wang, J. Chen, R. Luo, A. He, X. Xie and J.
Li: Optimal temporal delivery of bone marrow
mesenchymal stem cells in rats with myocardial infarction.
Eur J Cardiothorac Surg 31, 438-443 (2007)

109. L. A. Ortiz, F. Gambelli, C. McBride, D. Gaupp, M.
Baddoo, N. Kaminski and D. G. Phinney: Mesenchymal
stem cell engraftment in lung is enhanced in response to
bleomycin exposure and ameliorates its fibrotic effects.
Proc Natl Acad Sci U S A 100, 8407-8411 (2003)

110. B. J. Fang, M. X. Shi, L. M. Liao, S. G. Yang, Y. H.
Liu and R. C. Zhao: Systemic infusion of FLKI1 (+)
mesenchymal stem cells ameliorate carbon tetrachloride-
induced liver fibrosis in mice. Transplantation 78, 83-88
(2004)

111. L. V. di Bonzo, I. Ferrero, C. Cravanzola, K.
Mareschi, D. Rustichell, E. Novo, F. Sanavio, S. Cannito,
E. Zamara, M. Bertero, A. Davit, S. Francica, F. Novelli, S.
Colombatto, F. Fagioli and M. Parola: Human
mesenchymal stem cells as a two-edged sword in hepatic
regenerative medicine: engraftment and hepatocyte
differentiation versus profibrogenic potential. Gur 57, 223-
231 (2008)

112. M. Mohamadnejad, K. Alimoghaddam, M.
Mohyeddin-Bonab, M. Bagheri, M. Bashtar, H. Ghanaati,
H. Baharvand, A. Ghavamzadeh and R. Malekzadeh: Phase
1 trial of autologous bone marrow mesenchymal stem cell
transplantation in patients with decompensated liver
cirrhosis. Arch Iran Med 10, 459-466 (2007)

113. I. C. Lawrance, F. Wu, A. Z. Leite, J. Willis, G. A.
West, C. Fiocchi and S. Chakravarti: A murine model of
chronic inflammation-induced intestinal fibrosis down-
regulated by antisense NF-kappa B. Gastroenterology 125,
1750-1761 (2003)

114. B. J. Jones and S. J. McTaggart: Immunosuppression
by mesenchymal stromal cells: from culture to clinic. Exp
Hematol 36, 733-741 (2008)

115. Y. Sun, I. Tawara, T. Toubai and P. Reddy:
Pathophysiology of acute graft-versus-host disease: recent
advances. Trans! Res 150, 197-214 (2007)

116. K. English, F. P. Barry, C. P. Field-Corbett and B. P.
Mahon: IFN-gamma and TNF-alpha differentially regulate
immunomodulation by murine mesenchymal stem cells.
Immunol Lett 110, 91-100 (2007)

117. J. M. Ryan, F. Barry, J. M. Murphy and B. P. Mahon:
Interferon-gamma does not break, but promotes the
immunosuppressive capacity of adult human mesenchymal
stem cells. Clin Exp Immunol 149, 353-363 (2007)

118. E. Traggiai, S. Volpi, F. Schena, M. Gattorno, F.
Ferlito, L. Moretta and A. Martini: Bone marrow-derived



Methods, biology and applications of mesenchymal stem cells

mesenchymal stem cells induce both polyclonal expansion
and differentiation of B cells isolated from healthy donors
and systemic lupus erythematosus patients. Stem Cells 26,
562-569 (2008)

119. A. Corcione, F. Benvenuto, E. Ferretti, D. Giunti, V.
Cappiello, F. Cazzanti, M. Risso, F. Gualandi, G. L.
Mancardi, V. Pistoia and A. Uccelli: Human mesenchymal
stem cells modulate B-cell functions. Blood 107, 367-372
(2006)

120. W. Deng, Q. Han, L. Liao, S. You, H. Deng and R. C.
Zhao: Effects of allogeneic bone marrow-derived
mesenchymal stem cells on T and B lymphocytes from
BXSB mice. DNA Cell Biol 24, 458-463 (2005)

121. J. Chen, Y. Li, L. Wang, Z. Zhang, D. Lu, M. Lu and
M. Chopp: Therapeutic benefit of intravenous
administration of bone marrow stromal cells after cerebral
ischemia in rats. Stroke 32, 1005-1011 (2001)

122. X. Chen, M. Katakowski, Y. Li, D. Lu, L. Wang, L.
Zhang, J. Chen, Y. Xu, S. Gautam, A. Mahmood and M.
Chopp: Human bone marrow stromal cell cultures
conditioned by traumatic brain tissue extracts: growth
factor production. J Neurosci Res 69, 687-691 (2002)

123. K. Kurozumi, K. Nakamura, T. Tamiya, Y. Kawano,
K. Ishii, M. Kobune, S. Hirai, H. Uchida, K. Sasaki, Y. Ito,
K. Kato, O. Honmou, K. Houkin, I. Date and H. Hamada:
Mesenchymal stem cells that produce neurotrophic factors
reduce ischemic damage in the rat middle cerebral artery
occlusion model. Mol Ther 11, 96-104 (2005)

124. J. Chen, Y. Li, M. Katakowski, X. Chen, L. Wang, D.
Lu, M. Lu, S. C. Gautam and M. Chopp: Intravenous bone
marrow stromal cell therapy reduces apoptosis and
promotes endogenous cell proliferation after stroke in
female rat. J Neurosci Res 73, 778-786 (2003)

125.J. Chen, Z. G. Zhang, Y. Li, L. Wang, Y. X. Xu, S. C.
Gautam, M. Lu, Z. Zhu and M. Chopp: Intravenous
administration of human bone marrow stromal cells
induces angiogenesis in the ischemic boundary zone after
stroke in rats. Circ Res 92, 692-699 (2003)

126. O. Y. Bang, J. S. Lee, P. H. Lee and G. Lee:
Autologous mesenchymal stem cell transplantation in
stroke patients. Ann Neurol 57, 874-882 (2005)

127. T. Birnbaum, J. Roider, C. J. Schankin, C. S. Padovan,
C. Schichor, R. Goldbrunner and A. Straube: Malignant
gliomas actively recruit bone marrow stromal cells by
secreting angiogenic cytokines. J Neurooncol 83, 241-247
(2007)

128. R. M. Dwyer, S. M. Potter-Beirne, K. A. Harrington,
A. J. Lowery, E. Hennessy, J. M. Murphy, F. P. Barry, T.
O'Brien and M. J. Kerin: Monocyte chemotactic protein-1
secreted by primary breast tumors stimulates migration of
mesenchymal stem cells. Clin Cancer Res 13, 5020-5027
(2007)

4297

129. M. Studeny, F. C. Marini, R. E. Champlin, C.
Zompetta, 1. J. Fidler and M. Andreeff: Bone marrow-
derived mesenchymal stem cells as vehicles for interferon-
beta delivery into tumors. Cancer Res 62, 3603-3608
(2002)

130. L. Elzaouk, K. Moelling and J. Pavlovic: Anti-tumor
activity of mesenchymal stem cells producing IL-12 in a
mouse melanoma model. Exp Dermatol 15, 865-874 (2006)

131. H. Miletic, Y. Fischer, S. Litwak, T. Giroglou, Y.
Waerzeggers, A. Winkeler, H. Li, U. Himmelreich, C.
Lange, W. Stenzel, M. Deckert, H. Neumann, A. H. Jacobs
and D. von Laer: Bystander killing of malignant glioma by
bone marrow-derived tumor-infiltrating progenitor cells
expressing a suicide gene. Mol Ther 15, 1373-1381 (2007)

132. A. Mohr, M. Lyons, L. Deedigan, T. Harte, G. Shaw,
L. Howard, F. Barry, T. O'Brien and R. Zwacka:
Mesenchymal stem cells expressing TRAIL lead to tumour
growth inhibition in an experimental lung cancer model. J
Cell Mol Med (2008) doi:10.1111/5.1582-
4934.2008.00317.x

133. F. Geiger, H. Lorenz, W. Xu, K. Szalay, P. Kasten, L.
Claes, P. Augat and W. Richter: VEGF producing bone
marrow stromal cells (BMSC) enhance vascularization and
resorption of a natural coral bone substitute. Bone 41, 516-522
(2007)

134. C. M. Ghajar, K. S. Blevins, C. C. Hughes, S. C. George
and A. J. Putnam: Mesenchymal stem cells enhance
angiogenesis in mechanically viable prevascularized tissues via
early matrix metalloproteinase upregulation. Tissue Eng 12,
2875-2888 (2006)

135. P. Au, J. Tam, D. Fukumura and R. K. Jain: Bone marrow
derived mesenchymal stem cells facilitate engineering of long-
lasting functional vasculature. Blood (2008)
doi:10.1182/blood-2007-10-118273

136. L. Sanz, P. Santos-Valle, V. Alonso-Camino, C. Salas, A.
Serrano, J. L. Vicario, A. M. Cuesta, M. Compte, D. Sanchez-
Martin and L. Alvarez-Vallina: Long-term in vivo imaging of
human angiogenesis: Critical role of bone marrow-derived
mesenchymal stem cells for the generation of durable blood
vessels. Microvasc Res 75:308-314 (2008)

137. A. Mirza, J. M. Hyvelin, G. Y. Rochefort, P. Lermusiaux,
D. Antier, B. Awede, P. Bonnet, J. Domenech and V. Eder:
Undifferentiated mesenchymal stem cells seeded on a vascular
prosthesis contribute to the restoration of a physiologic
vascular wall. J Vasc Surg 47:1313-1321 (2008)

138. D. G. Phinney, G. Kopen, R. L. Isaacson and D. J.
Prockop: Plastic adherent stromal cells from the bone marrow
of commonly used strains of inbred mice: variations in yield,
growth, and differentiation. J Cell Biochem 72, 570-585 (1999)

139. L. da Silva Meirelles, T. T. Sand, R. J. Harman and A.
I. Caplan: MSC frequency correlates with blood vessel



Methods, biology and applications of mesenchymal stem cells

density in equine adipose tissue. Tissue Eng Part A (In
press)

140. J. K. Fraser, I. Wulur, Z. Alfonso and M. H. Hedrick:
Fat tissue: an underappreciated source of stem cells for
biotechnology. Trends Biotechnol 24, 150-154 (2006)

141. K. J. Penick, L. A. Solchaga and J. F. Welter: High-
throughput aggregate culture system to assess the
chondrogenic potential of mesenchymal stem cells.
Biotechniques 39, 687-691 (2005)

Abbreviations: MSCs: mesenchymal stem cells; ASC,
adult stem cell; BM, bone marrow, HSC; hematopoietic
stem cell, CFU-F; colony-forming unit-fibroblast, DMEM;
Dulbecco’s Modified Eagle’s Medium, FBS; fetal bovine
serum; GVHD, graft-versus-host disease; TGF-B1,
transforming growth factor-f1; MIAMI, marrow-isolated
adult multilineage inducible; iNOS, inducible nitric oxide
synthase

Key Words: Mesenchymal stem cells, Adult stem cells,
Mesenchymal stem cell isolation, Perivascular stem cells,
Tissue regeneration, Differentiation and plasticity,
Immunological diseases, bone marrow cells, chondrogenic,
adipogenic, osteogenic Clinical applications

Send correspondence to: Nance Beyer Nardi,
Departament of Genetics, Universidade Federal do Rio
Grande do Sul, Av. Bento Goncalves 9500, 91501-970,
Porto Alegre, RS, Brazil, Tel: 51-33166740, Fax: 51-
33167311 E-mail: nardi@ufrgs.br

http://www.bioscience.org/current/vol14.htm

4298



